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Abstract
This study uses the information derived from a computational research for the design of accelerated life testing (ALT) to imple-
ment experimentally the step stress methodology for the quantiﬁcation of frozen green beans (Phaseolus vulgaris, L.) colour and
starch degradation kinetics. Colour loss and starch degradation were successfully modelled, respectively, by a ﬁrst-order reversible
and apparent ﬁrst-order kinetics, under dynamic temperature ﬂuctuations.
Results show that the step stress produces models with lower regression standard errors than the conventional isothermal meth-
odology, increasing the accuracy of the estimated kinetic parameters. The ALT methodology, produces however, higher conﬁdence
intervals for the estimated kinetic parameters, than the isothermal methodology (e.g. colour b-coordinate by the: (i) isothermal
methodology: k15 C=22.189±0.349 day1·103; and (ii) ALT methodology: k15 C=22.189±0.349 day1·103).
Furthermore, as expected, higher Arrhenius activation energies (Ea) were estimated by the ALT step-stress methodology, than by
the isothermal methodology (e.g. Hunter total colour diﬀerence (TCDH): (i) isothermal methodology: Ea=106.272±18.67 kJmol
1;
and (ii) ALT methodology: Ea=140.344±18.670 kJmol
1).
Accelerated tests are valuable tools, that can aid the study of quality losses in frozen foods. Although ALT tests increase the
complexity of data analysis, they produce satisfactory results, when applied to frozen green beans kinetics of starch and colour
losses.
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The quality loss of frozen vegetables is characterised
by very slow kinetic rates and, therefore, the time in-
volved in isothermal kinetic studies of frozen foods is
very long, where data has to be recorded over a mini-
mum period of 6–12 months. The risk of failure is very
high, and special care has to be taken to maintain the set
up temperature during the experimental period.* Corresponding author. Tel.: +351 22 5580058; fax: +351 22
5090351.
E-mail addresses: r.m.c.m@clix.pt (R.C. Martins), crislui@
esb.ucp.pt (C.L.M. Silva).Accelerated life testing (ALT) techniques have been
used to decrease the experimental time of long lasting
events. ALT were ﬁrstly developed for reliability studies
of mechanical failure of engine parts, hardware failure,
control failure of nuclear reactors, and proved also to
be a very eﬀective tool applied to product development
(Høyland & Rausand, 1994). However, its application
to frozen foods has been limited.
Most of the accelerated tests developed for the food
industry, have been addressed directly to shelf-life esti-
mation, and not applied to kinetics determinations
(Labuza & Schimdl, 1985). The ﬁrst accelerated
shelf-life tests (ASLT) exposed foods to overstress con-
ditions (e.g. higher temperatures, lower pH and high
Nomenclature
a Hunter a co-ordinate, degree of red/green
aw water activity
b Hunter b co-ordinate, degree of blue/yellow
C concentration
Ea Arrhenius activation energy, Jmol
1
k kinetic rate, day1
L Hunter L co-ordinate, degree of lightness
R universal gas constant, Jmol1K1
T temperature, K
t time, days
TCD total colour diﬀerence
Subscripts
0 refers to initial condition
eq refers to equilibrium quality content
H refers to the Hunter colour space
ref refers to a reference temperatureaw) to accelerate the shelf-life decay. These early ASLT
methods used the two step isothermal approach, where
isothermal storage experiments are made at the higher
stressor variable levels, such as temperature, to extra-
polate shelf-life at lower temperatures (Labuza &
Schimdl, 1985; Ragnarsson & Labuza, 1977; Waletzko
& Labuza, 1976). However, extrapolation involves un-
certainty risk on the predicted data, as regression con-
ﬁdence bands expand as the distance from the average
temperature increases, especially if the tested range is
narrow (Bates & Watts, 1988; Box, Hunter, & Hunter,
1978; Neter, Kutner, Nachtsheine, & Wasserman,
1996).
Some non-isothermal methodologies try to avoid ex-
trapolation, by using for example a linear increase in
temperature, to cover the needed temperature range in
study and estimate the kinetic parameters (Branda˜o &
Oliveira, 1997; Frias, 1998; Nunes, Rhim, & Swartzel,
1991; Moreira, Oliveira, Silva, & Oliveira, 1993; Rhim,
Nunes, Jones, & Swartzel, 1989a, 1989b). These meth-
odologies have been used for kinetic studies, but not
in the ﬁeld of frozen foods. However, a deterministic lin-
ear temperature increment is very diﬃcult to maintain
inside a refrigerator, because of temperature ﬂuctua-
tions, due to the on/oﬀ compressor cycles.
In every kinetic study a preliminary study has to be
done to determine the kinetic law and its relationship
with temperature. The direct use of the ALT methodol-
ogies should be avoided, because results are treated on
empirical basis. For this purpose, the quality degrada-
tion pathway should be studied previously, in order to
identify a mechanistic behaviour, otherwise quality
losses predictions may fail under unexpected scenarios.
During frozen storage, low protein foods exhibit a
pH decrease (e.g. milk, green beans) (Ehart, 1970;
Fennema, Powrie, & Marth, 1973). The pH decrease
increases the acid catalysed reactions rate (Rafael,
1992), such as starch hydrolysis and chlorophylls pheo-
phytisation. As starch is hydrolised, the glucose content
increases, and green beans become sweeter with storage
time. The glucose content increase can be monitored by
a reduced sugars determination. Chlorophylls phyophy-tisation is the most important cause of colour loss, from
a vivid green to an olive brown colour.
The colour and starch degradation mechanisms in
frozen green beans (Phaseolus vulgaris, L.) were previ-
ously studied, and their kinetics were estimated by an
isothermal experimental design (Martins & Silva, 2002,
2003).
Starch hydrolysis was described by an apparent ﬁrst
order reaction kinetics with Arrhenius behaviour with
temperature under isothermal conditions:
C ¼ C0  exp kref  exp EaR 
1
T
 1
T ref
  
 t
 
ð1Þ
where C is the starch concentration at time t, C0 the ini-
tial concentration, kref the kinetic rate at the absolute
reference temperature, Tref, T the absolute temperature,
R the universal gas constant and Ea the Arrhenius acti-
vation energy.
Colour was well described by a ﬁrst order reversible
reaction kinetics, with Arrhenius behaviour with tem-
perature under isothermal conditions as well:
C  Ceq
C0  Ceq ¼ exp kref  exp 
Ea
R
 1
T
 1
T ref
  
 t
 
ð2Þ
where C is the a Hunter colour parameter (a, b and
TCDH) at time t, C0 the initial colour value, and Ceq
the colour value at inﬁnite storage time, when all chloro-
phyll is converted into pheophytin. This model assumes
that the initial and ﬁnal colour co-ordinates are not
dependent on the storage temperature, and vary only
due to pheophytisation.
Two main diﬃculties exist in the design of frozen
foods quality loss experiments: (i) long experimental
times and (ii) temperature ﬂuctuations inside a refrigera-
tor. Thermal ﬂuctuations inside freezers accelerate qual-
ity losses and decrease the accuracy of the estimated
kinetic parameters, if a constant temperature is assumed
during regression analysis.
The eﬀect of thermal ﬂuctuations was studied during
computational design of accelerated life tests (Martins,
2004). This research lead to the conclusion that by
taking into account the time–temperature spectrum in-
side a refrigerator, it is possible to increase the accuracy
of the estimated kinetic model (Martins, 2004). As time,
temperature and quality losses are evaluated at regular
time intervals, the dynamicALT tests overcome the prob-
lem of temperature ﬂuctuations inside the refrigerator.
ALT tests have been applied in the frozen food indus-
try in a very practical approach. The methodology
adopted was to subject frozen foods to a number of
freeze–thaw cycles, until quality degradation was evi-
dent. Thereafter, shelf life was extrapolated to normal
storage and distribution conditions, on a empirical basis
(Reid, Kotte, & Kilmartin, 1999). Although this test is
preferred, due to practical reasons, it supposes a subjec-
tive interpretation of products shelf life by the product
developer. Furthermore, as degradation kinetics, stor-
age and distribution conditions are not taken into ac-
count, this technique is therefore limited.
As the ALT tests were previously tested for accuracy
and precision by computer simulation, the objectives of
this research, focus on:
(i) Demonstrate the experimental applicability of the
simulated ALT methodology using frozen green
beans;
(ii) Compare the ALT method kinetic estimates with
the general isothermal methodology;
(iii) Validate experimentally the use of ALT methodol-
ogies to estimate kinetic parameters of frozen foods
quality losses.Materials and methods
     Sample preparation
Green beans (Phaseolus vulgaris, L.) were obtained
from Porto local city market––Portugal, one day after
harvesting. They were ﬁrstly sorted, washed and
blanched in water for 2 min at 100 C. After blanching,
green beans were left to cool and dry, and then frozen in
a blast freezer, Armﬁeld FT 36. Samples were frozen at
an average air temperature of 40 C, until the temper-
ature of 35 C was recorded with a thermocouple
placed in the centre of a green bean test sample. Approx-
imately 500 g of frozen green beans were immediately
put into polyethylene bags (35 cm·22 cm) and heat
sealed. Packed frozen green beans were stored in a lab-
oratory refrigerator (Fitotherm, model S550 BT) at the
temperature of 30±1 C.
     Accelerated life testing (ALT)
The increase step stress method and the linear in-
crease stress method, were tested by computer simula-tion, leading to the conclusion that these methods
were good methodologies to estimate kinetic parameters
for frozen stored green beans (Martins, 2004). However,
the increase step stress method is easier to implement,
because there is no need to add a special temperature
control to the refrigerator. Therefore, the increase step
stress was chosen as the most straight forward ALT
methodology to be experimentally implemented.
In this type of dynamic test the storage temperature
(stressor variable) is increased gradually by steps
(Høyland & Rausand, 1994), until all green beans reach
the ﬁnal quality content (zero for ﬁrst-order kinetics, or
ﬁnal residual value, Ceq for fractional conversion
kinetics). The design expects an average of 25% of qual-
ity degradation for each stress level. Thus, the green
bean sample is exposed for 15, 7, 6 and 5 consecutive
days at the average thermostat temperature of 30,
20, 10 and 5 C, respectively.
Two refrigerators were used to achieve the tempera-
ture steps. Green bean samples were put on trays, inside
refrigerator number one at the ﬁst temperature level,
30 C. Meanwhile, the second refrigerator is set to
the second temperature level, 20 C. After the ﬁrst
15 days, the remaining green beans are changed from
refrigerator number one to the second refrigerator for
the next 7 days at 20 C. During this period, it is pos-
sible to set up the temperature level of the ﬁrst refriger-
ator to 10 C, in order to get it ready to receive the
green beans trays. The design continues, using this cycle,
until the quality change rate is approximately zero.
The quality losses and temperature spectrum have to
be continuously evaluated along the experiment. A green
bean specimen is, therefore, used to obtain the time–tem-
perature spectrum. A Cu/Ni thermocouple (type K) is in-
serted into the green bean, placed at the thermal centre,
and connected to a temperature recorder, Grant Instru-
ments 1000 Series Squirrel Metter/Logger. Thereafter,
the green bean is placed on the centre of the tray, and
the temperature is recorded every minute.
Quality losses evaluation of green beans, colour and
starch, was carried out only during the day. Ten samples
were obtained along a 10 h period, at a sampling rate of
one per hour. Thereafter, sampling was interrupted for
14 h overnight, and this scheme continued in the follow-
ing day. Measurements were made with ﬁve replicates
for each storage sample.
     Colour measurement
The ﬁrst measurements were made immediately be-
fore and after freezing. The Hunter Lab co-ordinates
were measured by a tristimulus colorimeter (model
CR300, Minolta Corporation, Japan). The colorimeter
was calibrated with a standard white tile (Y=95.3,
x=0.3133, y=0.3197). Green beans were thawed and
cut into small rectangles, and thereafter, placed on the
platform of the colorimeter. The Hunter co-ordinates L,
a and b were recorded and the Hunter total colour dif-
ference (TCDH) was calculated:
TCDH ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðL L0Þ2 þ ða a0Þ2 þ ðb b0Þ2
q
ð3Þ
where L, a and b are the Hunter co-ordinates measured
at time t, and L0, a0 and b0 are the corresponding initial
values.
     Starch
About 30 g of sample is required for the determina-
tion. After blending the vegetables, free sugars are com-
pletely removed by repeated extractions with aqueous
ethanol. Then the starch residue is solubilised in alkali
and hydrolysed by glucoamylase to glucose, and the glu-
cose content is determined by the Luﬀ–Schoorl method
(NP-1420, 1987). The vegetable extract, previously clar-
iﬁed with Carrez I solution (Potassium Hexacyanofer-
rate II 150 g/l), is heated to boiling with Luﬀ–Schoorl
solution. The directly reducing sugars are thereby oxi-
dised and the divalent copper of the Luﬀ–Schoorl solu-
tion is reduced to monovalent copper. This is
precipitated as copper (I) oxide and is measured by indi-
rect titration with sodium thiosulphate in the presence of
sulphuric acid. Sugar content is then determined by
interpolation in a table, after subtracting the blank assay
to the volume of sodium thiosulphate of the titration.
     Data analysis
Non-linear regression analysis for model ﬁtting was
performed on all data. The non-isothermal ﬁrst-order
and reversible ﬁrst-order (Eqs. (4) and (5), respectively),
kinetic parameters were obtained, by maximising the
likelihood function and solving the normal equations ofTable 1
Quality loss kinetic parameters of frozen green beans obtained by isotherma
Kinetic parameter Starch (g/100 g) Colour p
a
C0
a 8.221±0.119 11.931
C0
b 7.951±0.487 11.876
Ceq
a – 6.329±
Ceq
b – 6.253±
k15 C·103 (day1)a 98.96±0.77 6.600±0
k15 C·103 (day1)b 68.86±19.43 1.759±0
Ea (kJmol
1)a 12.331±1.204 103.053±
Ea (kJmol
1)b 12.333±3.256 111.973±
SEa 0.915 1.389
SEb 1.213·103 1.513
Corr. coeﬀ.a 0.9775 0.8388
Corr. coeﬀ.b 0.8941 0.9315
a Data obtained by isothermal methods (Martins and Silva, 2002, 2003).
b Data obtained by the ALT methodology.C ¼ C0  exp kref 
Z t
0
exp Ea
R
 1
T
 1
T ref
  
 dt
 
ð4Þ
C  Ceq
C0  Ceq ¼ exp kref 
Z t
0
exp Ea
R
 1
T
 1
T ref
  
 dt
 
ð5Þ
which are non-isothermal integrations of Eqs. (1) and
(2), respectively.
A computer program was developed with the C++
language, using the BLITZ++ Library (Veldhuizen,
2001), with the Gauss–Newton optimisation algorithm
to solve the normal equations and determine the param-
eters estimates. The estimated parameters variance was
obtained by the variance–covariance matrix of the
regression coeﬃcients and the model standard deviation
was estimated by the mean standard error (Bates &
Watts, 1988; Neter et al., 1996).
The studentised eﬀect (bi/s{bi}) of each kinetic
parameter was computed to deﬁne the statistical impor-
tance at a 5% conﬁdence level (double sided T-test). The
semi studentised residuals were examined for outlayers,
randomness and tested for normality (Box et al., 1978),
to assess the quality of the ﬁtted kinetic models. The
models statistical validity was also accessed by the lack
of ﬁt test.Results and discussion
Starch and colour (parameters a, b and TCDH) regres-
sion estimates, obtained with the proposed ALTmethod-
ology, are presented in Table 1. The corresponding
kinetic parameters, obtained by the isothermal method
and previously published (Martins & Silva, 2002, 2003).l and ALT methodologies
arameter
b TCDH
±0.072 13.099±0.117 3.745±0.095
±0.144 12.774±0.179 3.556±0.149
0.083 10.101±0.072 7.486±0.117
0.543 10.174±1.682 7.385±0.112
.000 22.189±0.349 5.999±0.000
.468 12.163±2.235 135.976±15.981
0.072 55.329±1.785 106.272±1.049
9.966 75.292±29.942 140.344±18.670
1.557 1.872
1.559 1.502
0.6871 0.6145
0.8562 0.8836
Fig. 1. Starch ALT regression analysis: (a) time–temperature spectrum; (b) starch content evolution; (c) regression semi-studentised residuals; (d)
predicted vs. experimental plot of starch concentration; (e) density plot of semi-studentised residuals, and (f) normal probability plot of residuals.     Starch
The ALT test results for the starch content are pre-
sented in Fig. 1. The starch content decreased quite ra-
pidly, even at the lowest temperature of 30 C. The
starch degradation was well described by an apparent
ﬁrst order reaction kinetics, with a good accuracy under
the dynamic temperature conditions. Residuals show a
random pattern and are near normality (see Fig. 1f).
Starch hydrolysis is not a very temperature sensitive
reaction (Ea=12.333±3.256 kJmol
1), but the Ahrren-
ius equation is required to describe the kinetic rate
behaviour with storage temperature (t{Ea}> tcrit).
As starch determination involves the blending of dif-
ferent green beans, it was not possible to obtain a good
estimate of the biological variability, and its inﬂuence on
the regression estimates.     Colour
Colour degradation ALT test results are shown in
Fig. 2, for the Hunter a-value. Similar results were ob-
tained for the other colour parameters, b and TCDH.
Colour diﬀerences between green beans were perceptible
to the human eye even in the ﬁrst measurement. The ini-
tial TCDH value is 3.556±0.149 which is considered a
very distinct diﬀerence perceptible to the human eye
(DrLange, 1994).
Colour losses occurred at a signiﬁcant fast rate for
the higher temperature levels, 10 and 5 C, and the
degradation rate decreased very rapidly at the lower
temperatures, 20 and 30 C. This result was also ob-
tained during isothermal experiments (Martins & Silva,
2002). The probable explanation is the existence of me-
tal ions, such as copper, which compete with hydrogen
Fig. 2. Hunter a-value ALT regression analysis: (a) time-temperature spectrum; (b) a-value evolution; (c) regression semi-studentised residuals; (d)
predicted vs experimental plot of TCDH; (e) density plot of semi-studentised residuals, and (f) normal probability plot of residuals.in a parallel reaction, for the replacement of the centre
chlorophyll magnesium, leading to colour stabilisation.
Colour stabilisation at the lower temperatures, and
high degradation rate at the higher temperatures, reas-
sures the great temperature sensitivity of colour loss ki-
netics to the storage temperature, under dynamic or
isothermal conditions. Consequently, higher activation
energy was estimated by the non-linear regression analy-
sis (see Table 1).
Both the a, b and TCDH values were successfully
modelled by the ﬁrst order reversible kinetics model un-
der dynamic temperature conditions (Eq. (5)), passing
the lack of ﬁt test (p>0.05). Residuals show a random
pattern and are near normality (see Fig. 2f). Further-
more, the model parameters exhibit signiﬁcant studen-
tised eﬀects (Table 1).
     Method discussion
Results showed that the proposed ALT method was
applicable to quantify kinetics of both starch and colourdegradation of frozen green beans. The estimated kinetic
parameters were similar to ones obtained under isother-
mal conditions (Martins & Silva, 2002, 2003).
As expected from previous computer simulations
(Martins, 2004), the studentised eﬀect of the ALT
regression parameters is less than the obtained from
the isothermal experiments, and the regression standard
error is of the same magnitude. However, it is not pos-
sible to determine experimentally if there is an increase
in the accuracy of the estimated kinetic parameters, as
expected by the computer simulations.
Although the ALT methodology reduces signiﬁcantly
the experimental time, this type of methodology presents
some practical disadvantages: (i) it is very important
that there is a correct synchronisation between time–
temperature spectrum and the quality loss records; (ii)
it requires a more sophisticated optimisation method
than the isothermal methodologies; (iii) the kinetics esti-
mation under dynamic conditions needs a signiﬁcantly
high level of degrees of freedom, compared to the iso-
thermal methodology. Otherwise, kinetic parameters
Table 3
Advantages and disadvantages of ALT methodologies
ALT methods
Advantages Disadvantages
 Reduced experimental
time (8–10 times less than
isothermal methods)
 Increase in kinetic
parameters accuracy
 Need for a good optimisation
procedure
 Remedial measures (such as
bootstrapping) have to be taken,
if parameters are not statistically
signiﬁcant
 Correct synchronisation
between time–temperature
spectrum and quality loss
recordsvariance may not be well estimated by the variance–
covariance matrix, and collinearity between kinetic
parameters will occur.
Furthermore, as the ALT test applied in this re-
search was set to cover a broad band of quality param-
eters in terms of temperature sensitivity, it was possible
to observe that the starch content was already near by
zero values by the third day of test. The low tempera-
ture sensitivity of starch degradation makes this param-
eter losses very signiﬁcant during the initial stages of
the ALT test at 30 C. Therefore, the presented
ALT was well designed for colour degradation
(TCDH), and not totally tunned for starch degradation,
where less time should have been spent at lower tem-
peratures.
In this last situation remedial measures have to be
taken, such as reparametrisation and bootstrapping
to get the parameters estimated variance, in order to
do interpret correctly the experimental results. The loss
of parameters precision is mainly attributed to the bio-
logical variability of foods, both for isothermal and
dynamic kinetic studies. However, to produce statisti-
cally satisfactory ﬁttings, the isothermal one step opti-
misation procedure needs signiﬁcantly less degrees of
freedom than the dynamic optimisation procedure.
This result was also obtained during pharmaceutical
studies, where results are very sensitive to experimental
error, not being satisfactory at a 5% precision level
(Labuza, 2004). However, for frozen foods, the inclu-
sion of the time-temperature spectrum increases signif-
icantly the accuracy of the estimated regression
models.
Isothermal methodologies need too long experimen-
tal times and heavy equipment, where at least three to
ﬁve laboratory refrigerators, loaded with samples, are
needed to cover the temperature range of interest. More-
over, the long experimental times increase the probabil-
ity of failure, due to several causes, such as power loss,
electrical and mechanical failure of refrigerator parts
and human error. Furthermore, a good temperature
control has to be implemented in each refrigerator, in
order to consider the study as isothermal. For a sum-
mary of conclusions, Tables 2 and 3 present, respec-
tively, isothermal and ALT methods advantages and
disadvantages.Table 2
Advantages and disadvantages of isothermal methods
Isothermal methods
Advantages Disadvantages
 Simple optimisation
procedures
 Easier to identify the
degradation mechanisms
 Long experimental times
 3–5 refrigerators are required
 High failure probability
 Need for good temperature
controlConclusions
The step stress accelerated test proved to be a satis-
factory methodology to determine the kinetic parame-
ters of both starch and colour degradation in frozen
green beans. The dynamic method exhibits not only
good agreements between the observed and the pre-
dicted data, but also a good statistical and physical
interpretation of the kinetic parameter estimates. There-
fore, although there is an increase in the complexity of
data analysis of ALT methodology, it has proved to
be satisfactory when applied to frozen green beans
starch and colour losses kinetics. The proposed method-
ology is an important step forward to the development
of very useful accelerated methods to quantify frozen
foods quality losses kinetics.Acknowledgment
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